Geothermal power plants typically experience a decrease in power generation over time due to a reduction in the geothermal resource temperature, pressure, or mass flow rate. This report explores methods to hybridize a double-flash geothermal plant with a concentrating solar power collector field. The solar field generates heat that is added to geothermal fluid and then recirculated through the steam turbine, thereby increasing the mass flow rate and pressure and consequently the power generation. The objective is to augment the geothermal plant power generation from its off-design operating condition at low cost.
indicate that a diphenyl oxide / biphenyl based synthetic fluid is currently a more cost-effective solution.
The LCOE results were compared to an equivalent photovoltaic array (PV) with battery energy storage (BES) and are summarized in the table below. The hybrid plant has an LCOE comparable to photovoltaics when there is no storage. However, the hybrid plant achieves lower LCOEs than PV+BES once storage is included, because thermal storage is relatively inexpensive compared to batteries. Furthermore, the replacement rate of the heat transfer fluid is low (and therefore low in cost) compared to the cost of replacing batteries that currently have a 10-to 15-year lifetime. 
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Project Objectives
Concentrating solar power (CSP) collectors can be used to produce heat that will supplement an underperforming geothermal plant. Increasing the turbine inlet mass flow rates and pressures by solar will then allow the geothermal turbines to operate closer to the design operating conditions, thereby increasing the efficiency and power production of the overall plant. In addition, thermal storage may be incorporated so that the added solar thermal energy can boost the power generation of the geothermal/solar hybrid plant independent of intermittent solar irradiance. Thermal storage enables energy from the hybrid plant to be time-shifted to periods in the day where utility market demand and energy rates are higher.
The objective of this project is to identify cost-effective thermal storage systems for a geothermal/solar hybrid system in order to increase the plant dispatchability. Furthermore, an optimal quantity of thermal storage will also be determined to achieve the best economics of a geothermal/solar hybrid plant. The National Renewable Energy Laboratory (NREL) is working with Hyperlight Energy and Coso Operating Company to develop techno-economic models of such a system.
Scope of this Report
In this report, a thermodynamic model of the hybrid geothermal-solar-storage plant is developed. The geothermal well model is improved compared to previous efforts and includes a characteristic relationship between pressure and mass flow rate. The steam turbine off-design models are improved to use a control strategy known as "sliding pressure" control.
We concentrate on the retrofit of an underperforming double-flash geothermal power plant: production fluids are flashed and the resulting steam powers a steam turbine. Hybrid plants require good solar and geothermal resources, and Figure 1 indicates that the most suitable locations in the US are the Western states, and are primarily dependent on the geothermal resource location.
The installed geothermal capacity in the USA is 3134 MWe, most of which is concentrated in California and Nevada, see Figure 1 . Flash plants comprise 29% of US geothermal capacity, and notably 90% of US flash plant capacity is over 25 years old, indicating that many existing plants may be experiencing the effects of resource decline. The opportunity to explore resource decline mitigation currently exists in the US, and the results may have benefits internationally as flash plants make up 65% of the world's total installed capacity of 11 929 MWe.
Geothermal resources typically experience a reduction in the temperature, pressure, or mass flow rate of its production fluids over time, leading to decreased power generation and underutilized equipment. If a Power Purchase Agreement exists plant operators may be subject to additional fees for not producing agreed amounts of power (Wendt and Mines 2014) . The extent of any resource decline is unique to that geothermal field. A study of geothermal power plants in California and Nevada found that flash plants typically experienced a temperature decrease of 0.8% per year, while the value was 0.5% for binary plants (Snyder et al. 2017) . Underperforming plants may be brought back to full capacity by the addition of thermal heat. The unused capacity of the geothermal plant provides an opportunity to install a concentrating solar plant at reduced cost since investment in a power unit and condenser are not required. Integrating thermal storage provides the plant with flexibility and dispatchability.
In this technical report, several methods of integrating solar heat into a geothermal power plant are investigated. A thermodynamic model of the system is developed, and annual calculations are undertaken to evaluate the Levelized Cost of Electricity (LCOE). The hybrid plant LCOE is compared to an equivalent photovoltaic array with batteries. The hybrid system includes twotank liquid thermal energy storage which is a technologically deployable storage system.
An economic model of the hybrid power plant is developed, and the economic characteristics of the system are analyzed. The economic performance of the hybrid plant is compared to a corresponding solar photovoltaic (PV) plant with battery storage in the California market. 
Team
Hyperlight Energy is a CSP company whose business charter is to develop/commercialize a lowcost CSP collector system ultimately for providing heat for solar thermal/geothermal hybrid power plants, process heat applications (e.g., enhanced oil recovery), and solar thermal power generation. Hyperlight's CSP collector system utilizes a linear Fresnel configuration. This linearFresnel configuration consists of mirrors mounted in low-cost, precision plastic extrusions, which are integrated into raft assemblies and deployed on low-cost, sealed waterbeds. Hyperlight's CSP collector technology has been developed under private equity investment, government grant, and commercial funding. The proposed location for CSP hybridization is on the East Flank, which provides brine to two turbine units (units 4 and 5), as shown in Figure  2 . The design operating conditions for these 30 MWe turbines are given in Table 2 . Operational data provided by the Coso Operating Company were used to define typical operating conditions, which are also shown in Table 2 . 
Prior Work on Hybrid Plant Modeling
Initial work developed a concept for the hybrid geothermal-solar-storage plant, considered the addition of solar heat at several locations, and investigated the use of different thermal storage technologies (McTigue et al. 2017) . After considering practical constraints, a hybrid design was selected and is illustrated in Figure 3 . The solar field heats a heat transfer fluid (HTF), which can then be stored in liquid tanks. The HTF transfers heat to the geothermal system in a heat exchanger (HX). The heat is added to a fraction of the unflashed brine that would otherwise be injected into the geothermal reservoir. The heated brine is mixed with the geothermal production fluids, which then enter the flash tanks.
Preliminary models of the hybrid system were developed in the flow-sheeting software tool IPSEpro. 
Prior Work on Thermal Storage Media Selection
A list of 47 thermal storage media candidates was compiled. Fluid groups included water, mineral oils, synthetic fluids, molten salts, glycols, and silicone oils. The thermal properties of these commercial fluids were tabulated, and graphics compared. Cost data were also collected, and this information is tabulated in Appendix A.
Using this information, the capital costs of two-tank direct storage systems were calculated for a range of temperatures and storage durations. The eight most promising HTFs were selected, and other factors such as health and environmental impacts were considered. In summary:
1. Mineral oils are promising candidates due to low cost, low vapor pressure, high heat capacities, and low health and environmental risks. Thermal degradation may be an issue, and further discussion with suppliers is recommended.
2. Synthetic fluids can operate at high temperatures. However, they have high vapor pressures, so it is generally cheaper to use a mineral oil at 250°C than a synthetic fluid at 350°C. The ability to run at high temperatures means that a tube-in-concrete system could be used, which would be around two-thirds of the cost of the two-tank direct storage systems. It should be noted that the cost for the tube-in-concrete system is based on a quote for large production volumes from a single vendor.
3. Molten salts have been widely used in CSP and thermal storage applications and have high heat capacities and low vapor pressures. However, they have high freezing points and viscosities.
4. Water and glycols have excellent thermal properties but a limited operating temperature range without pressurization. Degradation and corrosion may be an issue with glycols, and therefore, it is generally cheaper and simpler to use distilled water.
5. Silicone oils were found to be unsuitable due to high costs and poor thermal characteristics.
6. There remains uncertainty about the degradation rates of the fluids and the extent to which corrosion is a factor.
Advantages and disadvantages of different fluid groups are summarized in Table 3 .
Out of the eight candidate fluids, it was decided that the most promising were a mineral oil known as Xceltherm 600 and a synthetic fluid known as Therminol VP-1. Therminol VP1 can operate at higher temperatures than the other fluids and, therefore, provide more flexibility for use in other systems. On the other hand, the high pour point of 12°C may place additional constraints on system design and require the installation of heaters. 
Modeling of Geothermal Wells
Previous work has assumed that geothermal fluid is produced at a constant mass flow rate, pressure, and temperature (McTigue et al. 2017) . This was an unrealistic assumption to make because the mass flow rate and pressure are typically inversely proportional to one another. Furthermore, varying the operating point of the turbine or other surface equipment may affect the quantity of fluid that is drawn from the reservoir.
The pressure-mass flow rate characteristic curve of the well is assumed to follow a choked flow correlation, as proposed by DiPippo (Dipippo 2016) , which can be written as 2 3 1 2 3 max max max max
Where Pmax = 17.8 bar, mmax = 99.663 kg/s, a1 = -0.02637, a2 = 5.822 x 10 -3 , and a3 = -4.226 x 10 -4 . However, this cubic expression demonstrates a non-physical inflexion point at high mass flow rates. In this case, it is more appropriate to use tabulated data (see Table 2 ) and cubic interpolation to find intermediate points.
The values of Pmax and mmax were set at Pmax = 30 bar, mmax = 125 kg/s in order to match the design point requirements of the geothermal plant. The current operating point of the power plant was obtained by reducing the maximum mass flow rate to mmax = 112 kg/s. The geothermal fluid was assumed to have a specific enthalpy of 1,500 kJ/kg, which is in line with typical enthalpies observed at Coso. The salt content of geothermal production fluids is low, and the fluid can therefore accurately be modeled using water properties.
Modeling Off-Design Steam Turbines
Stodola's Ellipse and Off-Design Steam Turbine Modeling
Off-design behavior of the steam turbine is modeled using Stodola's ellipse, which relates the mass flow rate and the inlet and outlet pressures through (Dixon and Hall 2010) ( )
Where ̇ is the mass flow rate, T01 is the inlet temperature, p01 is the inlet pressure, p0e is the outlet pressure, and k is a constant of proportionality. Assuming that k is constant for all cases, off-design performance may be related to design performance with the following equation (Cooke 1985) ( ) ( ) 
A variety of physical mechanisms lead to entropy generation in the steam turbine, as described in (Denton 2017) . Rather than undertaking detailed stage-by-stage calculations, stages are grouped into sections, and correlations of each section efficiency are used to predict turbine performance. These correlations are based on experimental results from turbine units and from stage-by-stage calculations. The correlations were originally developed by Spencer-Cotton-Cannon (Spencer, Cotton, and Cannon 1974; Fuller and Stovall 1979) , and the computer code was developed in (Choo and Staiger 1982) and implemented in IPSEpro.
Off-design performance of the steam turbine was validated against operational data provided by Coso Operating Company.
IPSEpro allows steam turbines to be operated by "sliding pressure" control or "throttling" control. In sliding pressure control, the turbine "reacts" to the operating point set by the rest of the system. For instance, the outlet pressure may be fixed by the condenser pressure. The inlet pressure then "floats" in response to variations in the system mass flow rate, in accordance with Stodola's ellipse.
Throttling control can be considered as a valve before the turbine inlet. The mass flow rate and inlet and outlet pressures are still related by Stodola's ellipse. However, the throttle is used to select an inlet pressure that allows the required mass flow rate to be passed through the turbine. This requires the fluid pressure before the valve to be sufficiently high and leads to significant losses.
In the analysis of the hybrid plant, the condenser pressure is assumed to be fixed. This is a reasonable assumption because the condenser is water-cooled so that ambient conditions do not have a significant impact.
Combined Behavior of Geothermal Well Characteristics and Steam Turbine Characteristics
The pressure-mass flow rate characteristics of the geothermal well and the steam turbine act in direct opposition to one another. For instance, increasing the mass flow rate into the steam turbine requires an increase in inlet pressure to pass the same volumetric flow rate. On the other hand, increasing the geothermal mass flow rate requires a decrease in the pressure of the production fluids.
The hybrid plant can overcome this constraint. For instance, reducing the mass flow rate of the geothermal production fluids increases the pressure of the fluid that reaches the turbine. The increased mass flow rate that is required can then be provided by recirculating some fluid and heating it with the solar field. There is some degree of freedom in choosing where fluid is extracted for recirculation, and these options are discussed below.
Comparison of System Configurations
Solar heat can be added to the geothermal cycle in several locations, and several of these have been investigated in the literature. One of the first hybrid plants was proposed in 1979 by Mathur (Mathur 1979 ) who suggested that geothermal heat was used for feedwater heating and solar heat to boil water for use in a steam turbine. Mathur then proposed a similar cycle that included storage in molten salts, as well as several cycles that included fossil fuel burners. Mathur concluded at the time that hybrid plants demonstrated no economic advantages over standalone geothermal plants. Given recent advances in CSP and storage technology, now is an appropriate time to review this work. Handal et al. (Handal, Alvarenga, and Recinos 2007) considered four methods for adding solar heat to the Ahuachapán geothermal field in El Salvador. Heating the brine directly from the production well was ruled out because it required a larger HX. In a subsequent paper, Alvarenga et al. (Alvarenga, Handal, and Recinos 2008) discussed two of these methods. In the first approach, brine from the first separator is heated by thermal input from a solar field in an HX, and the generated steam enters the high-pressure (HP) turbine. This approach was reportedly tested successfully. In the second approach, the brine from the second flash stage is heated in the solar HX, and the lower-pressure steam enters the low-pressure (LP) turbine stage. The objective was to increase the power output of the field from 95 MWe to 97 MWe. The authors estimated that adding 2-3 MWe would require a solar field of around 30 acres that delivers an HTF at 225°C.
Cardemil et al. (Miguel Cardemil et al. 2016 ) compared adding solar heat at two locations in single-and double-flash plants in the Atacama Desert, Chile. After the flash tank, the solar field could either superheat the steam or evaporate the brine. Using second-law analysis, it was concluded that superheating the steam was slightly more efficient because the turbine operated more efficiently with dry steam. Double-flash systems were also found to be preferable to singleflash plants.
In previous research (published as a conference paper (McTigue et al. 2017) ), solar heat was added to a fraction of the injection brine, which was recirculated and mixed with the production fluids rather than being injected. This report uses improved models of the geothermal field and steam turbine so several alternative configurations are investigated. Five configurations were considered and are illustrated in Figure 4a . These five options are:
1. Heat a fraction of the injection brine until it reaches saturation temperature (INJ) 2. Heat a fraction of the injection brine until it has a vapor fraction of 0.50 (INJ2) 3. Heat a fraction of the condensed water from the condenser until it is saturated vapor (COND) 4. Heat the production fluids, thereby increasing their vapor fraction (PRE)
5. Heat a fraction of the unflashed brine that leaves the first flash tank (FT1).
The impact of adding solar heat Qsol at these different locations is presented in Figure 4b -e. These figures indicate that Qsol increases power output and first-law efficiency η1, while the solar-conversion efficiency ηsol is approximately constant. Increasing Qsol increases the steam flow rate that is delivered to the HP turbine. As a result, the inlet pressure increases in order to pass the same volumetric flow. However, the geothermal well also has a characteristic curve:
Mass flow rate is inversely related to pressure (Dipippo 2016) . Increasing the turbine inlet pressure therefore requires a lower mass flow rate from the geothermal field, thereby potentially increasing the lifetime of the geothermal resource.
The turbine inlet pressure is constrained to 1.1x the design value. Beyond this pressure, the HP turbine is throttled, and its inlet conditions are kept constant. More mass consequently enters the LP stage, although this has a reduced smaller influence on the overall system performance. The power increases at a slower rate, but ηsol drops significantly, as does η1. The relative merits of each configuration are now described.
INJ: Unflashed brine is pressurized to 15 bar and re-injected into the ground at ~104°C. A fraction of this brine is heated by the solar field until becoming saturated liquid and is then mixed with the production fluids. This configuration shows the poorest performance with the power input increasing 0.16 MWe per MWth heat addition. The first-law efficiency η1 decreases as solar heat is added because the solar-conversion efficiency ηsol is less than the first-law efficiency when Qsol = 0 (see Appendix B). Increasing the re-heat brine temperature improves performance slightly by increasing the specific enthalpy of the mixed fluid.
INJ2: Allowing the injection brine to evaporate (to a vapor fraction of 50%) improves the performance compared to INJ. The solar addition efficiency increases to 22.5% from around 17%, and η1 increases with heat addition. However, this approach may result in increased scaling of pipes and heat exchanger. Using a shell-and-tube heat exchanger with the brine inside the tubes will make it easier to clean, although phase change normally occurs on the shell-side.
COND: Water leaves the condenser at ~38°C and 0.1 bar and can be evaporated without scaling. Saturated vapor is injected directly into the HP turbine stage, and its temperature is set by the turbine inlet pressure. In some implementations, such as direct steam production in the solar field, this approach requires space near the power block for the solar field, otherwise large pressure losses will arise from pumping saturated vapor long distances. A similar scheme involves heating the turbine exhaust steam, which would increase the mass added to the system for the same heat addition because the exhaust is hotter (~46°C) than the condenser water. However, the exhaust is an LP (0.1 bar) two-phase mixture, and pumping this fluid to the required pressure (6 bar) would take a considerable work input and a two-phase pump. Furthermore, an isentropic compression would increase the fluid temperature to 550°C, thereby rendering the solar field redundant.
PRE: The two-phase production fluids are heated, thereby increasing their vapor fraction. This method sees the highest increase in power output per unit heat addition, with ηsol = 25%. Evaporation can lead to an increased rate of scaling (Nakao et al. 2017) , although the precipitations could be delayed by the introduction of H2SO4. A larger heat exchanger may also be required due to the larger flow rates and generation of steam. For instance, Qsol = 10 MWth heats 110.6 kg s -1 of production fluids compared to 24.6 kg s -1 for INJ and 62.0 kg s -1 for FT1.
FT1: Brine leaves the first flash tank (FT1) at ~160°C compared to the FT2 outlet, which is 104°C. Heating FT1 brine therefore recirculates more mass per unit heat addition. This approach has a comparable performance to PRE, with ηsol = 24.3%. Increasing the temperature that the fluid is heated to reduces net power by a small quantity-the increase in enthalpy of the mixed fluid is outweighed by the increased pumping power. This configuration has the best performance with the least risk of scaling and is investigated further below.
Economic Analysis
Cost Correlations
Cost correlations for each additional component in the hybrid plant were derived from several sources.
Heat transfer fluids: Quotes were obtained for bulk quantities of HTFs from several suppliers, and values are provided in Appendix A. In this case, bulk quantities are over 5,000 gallons (19 m 3 ). These estimates do not include the cost of shipping. Two HTFs are considered in this report: a mineral oil (Xceltherm 600) with a cost of $2.5/kg and a synthetic fluid (Therminol VP1) with a cost of $3.1/kg.
Pressure vessel: The pressure vessel contains the storage media. Numerous correlations are available for storage vessel costs. Several pressure vessel cost estimates were obtained from PCL Construction Ltd. by Coso Operating Company. These quotes fit well with a correlation derived from Peters and Timmerhaus (Peters and Timmerhaus 1990 ) (when costs were inflated to current values) for unpressurized vessels. The cost of the vessel depends on its volume V and is given by:
Pressurizing the store significantly increases the cost, and the following correlation was obtained from EconExpert:
The total cost of the pressure vessel is therefore given by CPV = Cpres Cves.
Heat exchanger: Correlations were obtained from EconExpert for a floating-head, shell-and-tube heat exchanger constructed from carbon steel. Where P is the pressure, and A is the heat transfer area. A is calculated using the log-mean temperature difference method, where
Where Q is the heat transferred, U is the overall heat transfer coefficient (assumed to have a constant value of 1,000 W/m 2 K), and LMTD is the log-mean temperature difference, given by
Where ΔTh is the temperature difference on the hot side of the heat exchanger, and ΔTc is the temperature difference on the cold side of the heat exchanger.
Pump:
0.4305 0.4121 pump 5648.8
This expression was derived from EconExpert for a centrifugal pump made from cast steel. P is the discharge pressure, and W is the rated power.
Solar field: The solar field is assumed to be in the range of $100-200/m 2 following discussions with Hyperlight Energy.
Price of electricity: The price of electricity was set at $0.09/kWhe following discussions with industrial partners.
Sensitivity analysis: The cost of each component was assumed to follow a normal distribution 2 ( , ) C N µ σ , which was truncated to prevent negative costs. A Monte Carlo simulation with 10,000 runs was undertaken. For each run, each component normal distribution was sampled and the economic metrics evaluated to develop a distribution of costs. The mean value of each distribution was that given by the equations above. The value of each standard deviation is given in Table 5 . 
Levelized Cost of Electricity and Internal Rate of Return
The levelized cost of electricity (LCOE) is the cost that, if assigned to every unit of electrical energy produced over the lifetime of the plant, will equal the total life cycle costs when discounted back to the current year (Short and Packey 1995) . The total life cycle costs include capital costs and O&M costs. In the case of the hybrid plant where the power block and geothermal wells already exist, the annual electrical energy is given by the marginal increase in electrical energy above the base rate provided by the geothermal plant.
The LCOE is calculated using the fixed charge rate (FCR) method, where
Where Ccap is the capital cost, M is the annual O&M costs, E is the annual electricity generation, and FCR is the fixed charge rate. FCR is defined as the revenue per unit of investment that must be collected annually to pay for the carrying charges of the investment. Details of how to calculate the FCR may be found in (Short and Packey 1995) .
( ) ( )
FCR PFF CRF =
PFF is the project financing factor, and CRF is the capital recovery factor. PFF is given by ( )
Where T is the tax rate (40%) and PVDEP is the present value of depreciation, which is given by
Where Dj is the depreciation rate in year j. In this case, depreciation occurs for the first five years at rates of 20%, 32%, 20%, 14%, and 14% and at 0% thereafter. i is the inflation rate (2.5%), and WACC is the weighted average cost of capital, given by 
Where IRR is the internal rate of return, given by 10%. RINT is the real debt interest rate, given by 1 NINT RINT 1 1 i
Where NINT is the nominal debt interest rate, which is assumed to be 8%.
The CRF is given by
Where N is the lifetime of the plant in years, which is assumed to be 30 years. Assumed values for each of the economic parameters are given in Table 6 and are derived from the default values in the System Advisor Model (SAM).
Internal rate of return
The internal rate of return (IRR) of an investment that has a series of future cash flows Fi is the rate of return that sets the net present value (NPV) of the cash flows equal to zero. 
Where R is the revenue, I is the investment, M is the O&M costs, D is the depreciation, and T is the tax rate. For the hybrid plant, the revenue is the marginal revenue above that which would have been produced by the geothermal power plant.
Note that the equation for IRR is a Laguerre polynomial with N roots. For the case of an initial cash investment followed by cash inflows, there is only one positive root, and the remainder are negative or imaginary. 
Levelized Cost of Electricity
Variations in available solar resource affect the hybrid plant performance. The thermal power delivered by the solar collector is a function of the sun angle, the direct normal irradiance (DNI), the mirror properties, and the HTF temperature. The temperature difference between the two liquid tanks containing HTF forms the thermal storage and such stores have been used in several CSP installations previously.
In the light of the above results, configuration FT1 is investigated further with economic metrics. The design point of the hybrid plant has been selected as a 2-MWe increase in electricity generation. The power output increases from 22.2 MWe for the standalone geothermal plant to 24.2 MWe for the hybrid plant. This corresponds to a thermal power of 8 MWth for the FT1 design. Generating this thermal power requires a solar field with a primary mirror area of 14,159 m 2 (3.5 acres) at the peak DNI on the summer solstice (973 W m -2 ). A solar field of this size has a solar multiple of σ = 1. Increasing the solar multiple proportionally increases the solar field size and its power output. The storage strategy is to store energy when the collector power exceeds 8 MWth and to discharge when it is less than 8 MWth.
The operating point of the geothermal system with 8 MWth power addition is shown in Table 7 . If the solar collectors provide more than 8 MWth, then the excess energy is stored. Once the thermal stores are full, the excess energy is dispatched to the geothermal plant, up to a maximum thermal input of 16 MWth, which corresponds to the point where the inlet pressure to the turbine can no longer be increased and the turbine must be throttled. Beyond this heat input, thermal energy from the solar field is curtailed. The hourly behavior of the hybrid system is illustrated in Figure 5 for 2 σ = and 4. Graphs are shown at the summer and winter solstice to show the extreme cases. At 2 σ = , the plant cannot deliver the target thermal power (8 MWth) in the winter solstice and stores are underutilized, discharging only 0.1% of the energy that they potentially could (see Table 8 ). Solar multiples of 4 are high compared to most installations. However, the stores are still used to only a small extent throughout the winter, with utilizations of 25% for an 8-hour store (see Table 8 ). On the other hand, during the summer the stores are fully charged on a daily basis with utilizations over 99%. This leads to power being curtailed, as can be seen in Figure 5b , which indicates that the solar field is not cost efficient. This indicates that there is an inherent trade-off in sizing the solar field and thermal stores: Large solar fields are required to provide the necessary power in the winter. However, this leads to an oversupply of energy in the summer, which requires large stores to avoid curtailment. These large stores are then severely underutilized in the winter. b The capacity factor is defined as the average additional electricity divided by the design value of additional electricity (2 MWe).
c The storage utilization is defined as the total energy discharged divided by the total energy that would have been dispatched if the store had been fully charged and discharged once per day. a, The hot thermal store is at 300°C with the Xceltherm 600 mineral oil for storage medium. b, The hot thermal store is at 400°C with Therminol VP 1 as the storage medium. The shaded bands indicate the mean LCOE plus/minus one standard deviation. The cold store is 190°C in both cases.
The LCOE of the hybrid plant is calculated over a 30-year lifetime, as the size of the solar field, stores, and HTF temperature are varied. Figure 6 indicates that larger solar fields reduce the LCOE as more thermal power is delivered to the hybrid plant over the course of the year. However, very large solar multiples lead to an increase in LCOE due to curtailment of thermal energy. It is noticeable that at large solar multiples, the increase in LCOE with storage size is diminished. Rather than thermal energy being curtailed, the use of large thermal stores allows the total quantity of energy delivered to be increased. Figure 6 and Table 9 compare the impact of using different HTFs as the storage media. Figure 6a illustrates the use of a mineral oil (Xceltherm 600), which has low capital cost ($2.5/kg), is nontoxic, and has low vapor pressures, so that the stores do not need to be pressurized. The mineral oil hot store temperature is 300°C.
A synthetic fluid (Therminol VP-1) with a hot store temperature of 400°C is shown in Figure 6b . This synthetic fluid is a eutectic mixture of diphenyl and biphenyl oxides (DPO) (marketed as Dowtherm A, Therminol VP1, etc.). DPO has more expensive upfront costs ($3.1/kg) compared to mineral oils. Furthermore, operating at higher temperatures increases the vapor pressure significantly (~10 bar at 393°C), and pressurizing the stores increases their cost by a factor of ~1.3. Furthermore, DPO is more toxic and less environmentally friendly than mineral oils. Operators may be more cautious of storing large volumes of DPO (Denholm, Eichman, and Margolis 2017) The cold tank in both cases has a temperature of 190°C. Increasing the temperature difference between the stores increases the energy density, thereby reducing the storage volume and cost. Figure 6 indicates that this outweighs the impact of using a more expensive HTF and a pressurized vessel. For instance, the LCOE of a system with DPO, 2 σ = , and 4 hours of storage is 0.085 ± 0.011 $/kWh compared to an equivalent plant with mineral oil which costs 0.093 ± 0.011 $/kWh. Using DPO instead of mineral oil reduces the storage capital cost from 60 to 39 $/kWh. For instance, the DPO store capital cost per unit energy dispatched is nearly double (114.5 $/kWh) the capital cost per unit capacity as a result of storage utilization of 52.5%.
Note that the capital cost per unit energy can be calculated in two ways. Literature typically quotes the capital cost per unit energy capacity of the store. However, a more representative value is given by considering the extent to which the store is used-how much energy is discharged over a typical cycle. Table 9 provides the capital cost per unit energy dispatched, which is significantly larger than the capital cost per unit energy capacity. Larger thermal stores lead to higher LCOEs, as the total electricity generation remains roughly the same while the investment increases. The LCOE implies that the optimal storage size is zero and is therefore generally considered to be a flawed metric because it does not capture the value that storage provides to the plant or the grid (Denholm, Eichman, and Margolis 2017) . Superior metrics exist, although there is little consensus among researchers about standardizing storage costs. A fundamental understanding of the behavior of the store and the value it provides can be obtained by considering the "utilization" of the store and the capital cost per unit energy dispatched. These metrics have been selected to illustrate how a storage size may be chosen, while attempting to minimize the number of economic assumptions that are made.
The storage utilization is the quantity of energy dispatched by the stores divided by the total energy that would have been dispatched if they were fully charged and discharged each day. Unsurprisingly, Figure 7a indicates that smaller stores have higher utilizations. Larger stores are rarely fully charged. The graph indicates that if small quantities of storage are required, it is better to have a solar field with a high solar multiple so that the stores are efficiently utilized. Figure 7b shows the storage capital cost divided by the average energy dispatched from the store for the Therminol VP-1 storage system. Low storage durations have high capital costs, despite their high utilization. The capital cost increases at a decreasing rate with storage size as the storage hits economies of scale. As a result, the cost per kilowatt-hour decreases as the storage duration increases until an optimal point is reached. Beyond this, the reductions in utilization outweigh the economies of scale, and the cost per kilowatt-hour increases. As the solar multiple increases so does the optimal storage duration-larger solar fields have more energy available so that the utilization does not drop as rapidly, as illustrated in Figure 7a .
These graphs illustrate the inherent trade-off in sizing the thermal stores. Efficient use of the storage capacity requires small stores, but cost considerations indicate that larger stores are more cost-effective (from a storage perspective). Table 10 compares the economic cost of two solar field sizes with no storage and with the optimal duration of storage, according to the cost per kilowatt-hour dispatched for the Therminol VP-1 stores. 
Comparison with PV + Storage
In this section, the economic feasibility of the hybrid plant is compared to a solar PV field with battery energy storage (BES) included. There are several sources that provide estimates of the LCOE of a PV plant with storage, as summarized in Table 11 . While these values provide a valuable benchmark, assumptions differ between each study, and a wide range of estimates are available. It is therefore challenging to compare these values to those derived in this report. Consequently, the LCOE of a PV+BES has been estimated using the System Advisor Model (SAM) with the same economic assumptions as for the hybrid plant analysis.
The PV cell capital costs are estimated from NREL's Annual Technology Baseline (NREL 2017). Storage costs are obtained from Lazard's Levelized Cost of Storage (Lazard 2017a) report and are for Lithium-ion (Li-ion) batteries operating in the "Peaker Replacement" market. Li-ion batteries have a lifetime of approximately 10 years (Lazard 2017a) , but the LCOE analysis occurs over a 30-year period. It is assumed that the batteries are replaced at the 10 th and 20 th year of operation, and the total battery cost is discounted appropriately. The LCOE is calculated for two cases that are equivalent to the hybrid design operating with a solar multiple of 2 and 3 and are therefore comparable to the results in Table 10 . The storage discharges with a power of 2 MWe. The nominal PV power capacity is also 2 MWe because the nominal design point of the hybrid plant increases the turbine power output by this quantity. However, PV plants have different operational performance than CSP systems. Therefore, the PV field is sized so that it produces the same quantity of energy over the year as the equivalent hybrid plant. As a result, the PV field that corresponds to a solar multiple of 2 has a rated power of 3.225 MWe and generates 6.98 GWhe over the course of a year (compare with Table 10 ). The PV field that corresponds to a hybrid plant with a solar multiple of 3 has a rated power of 4.82 MWe and generates 9.34 GWhe. It is assumed that all the power produced by the PV field can be absorbed by the grid. Thus, no power is curtailed.
The PV field was modeled using SAM. The PV panels are assumed to be 1-axis tracking, with total system losses of 14.1%, an inverter efficiency of 96%, and a DC-to-AC ratio of 1.2 (the default values in SAM). This analysis uses the same economic assumptions as the hybrid LCOE calculations (see Table 6 ), and therefore, the results are directly comparable.
The LCOE of the hybrid plant is lower than the PV-BES system. For instance, the hybrid plant with σ = 2 and 3 hours of storage has an LCOE of 0.081 ± 0.011 $/kWh, compared to the equivalent PV field value of 0.112 ± 0.024 $/kWh 1 . Similarly, the hybrid plant with σ = 3 and 10 hours of storage has an LCOE of 0.091 ± 0.01 $/kWh, compared to the equivalent PV field value of 0.172 ± 0.035 $/kWh. Given the level of uncertainty, it is fair to assume that there is a compelling economic argument to consider hybrid plants as a competitor to PV systems with batteries. However, if storage is not installed, then the PV field has a slightly lower LCOE.
The quantity of storage was chosen to be "optimal" for the hybrid plant and is unlikely to be the best quantity for the PV field. For instance, the PV field is "better" at producing energy in the winter and at the start and end of the day. Therefore, the PV field can produce the same quantity of energy annually as the hybrid plant without having to increase the size of the field by the same proportion. As a result, the power production profile is less "peaky" and exceeds the threshold for storage to a smaller extent. The stores therefore have lower utilizations and are probably not at their optimal point.
Assuming a peak DNI of 973 W/m 2 and a typically solar-cell efficiency of 20%, the area of the PV array can be calculated. The area of the 3.225-MWe array is 16,572 m 2 , and the area of the 4.82-MWe array is 24,769 m 3 . Compare this to the mirror area of the CSP plant, which generates 8 MWth. The mirror area for σ = 2 is 28,318 m 2 and for σ = 3 is 42,477m 3 2 . Therefore, the CSP field requires 1.4 to 1.7 times as much space as the PV field.
It is worth noting that the concentrating solar field has been assumed to have relatively conservative cost and performance parameters. For instance, the cost of the solar field is 150 $ / m 2 which is higher than costs proposed by some manufacturers. Furthermore, linear Fresnel reflectors typically have poorer optical performance than parabolic trough technologies, and thereby produce less energy over the course of a year.
Flexible Dispatch of Power
The above analysis indicates that the lowest LCOEs are achieved without storage. However, storage increases the plant's flexibility as power can be dispatched during hours of greatest demand. Dispatchable power generation is increasingly important as renewable deployment increases. For instance, the deployment of 3,312 MWe (Fu et al. 2017 ) of utility PV on the California grid has led to a surplus of power during the afternoon. This results in the so-called "duck curve" (Denholm et al. 2015) , whereby flexible power needs to be rapidly dispatched during the evening hours. It has also been suggested that the abundance of solar may lead to negative electricity prices. Consequently, other power generation units should be flexible, reducing power delivery during the afternoon and ramping at high slew rates during the evening. Combining baseload production (geothermal) with variable production (CSP) and thermal storage provides the flexibility to operate in such a marketplace. A hybrid system which includes dispatchable storage can provide other benefits to the grid, such as frequency control.
Since dispatchable power generation is a valuable it should be priced accordingly. This section investigates the price that stored energy should be dispatched at for the hybrid system to be economically viable.
The hybrid plant electricity is sold at a flat rate of 0.09 $/kWhe. Electricity produced by discharging the stores is sold at a multiple of the flat rate, called a "price multiplier". For a system with a given storage duration and solar multiple, the price multiplier required for the system to have an internal rate of return of 10% is calculated. (This value of IRR represents a scenario where a system looks profitable). Results are presented in Figure 8 . The curves indicate that there is an optimal storage size for each plant: as discussed above, small quantities of storage are expensive per kWh and therefore require high price multiples. Increasing the storage size increases the economic return, although extremely large stores are underutilized and again require high price multiples. For solar multiples of 2, the optimal storage size is around 3 -4 hours. Increasing the solar multiple increases the optimal storage duration to around 10 hours, as thermal energy availability has increased. Using a synthetic fluid typically requires lower price multipliers to achieve a profitable IRR than mineral oils, which is consistent with the above analysis. Profitable IRRs can be achieved with price multipliers in the region of 1.5 -1.75.
This analysis assumes that all dispatched energy from storage receives the increased price. As such it is not a reflection of the current electricity market where prices vary throughout the day and across the year. In such a scenario, large storage systems may be of little use, since higher prices may only be available for one or two hours of the day (and may coincide with times of high solar availability). Analyzing this scenario requires time of delivery pricing (including estimates for future years), as well as a control system for the optimal dispatch of storage. Rather than considering variable electricity pricing, we recognize that storage provides value to the grid in various ways that may not be directly quantifiable. Therefore, the 'price multipliers' reflect the average price that stored energy must be dispatched at for the system to be viable. 
Conclusions
This report set out to develop a model of a hybrid geothermal-solar power plant and to investigate its performance. The economic feasibility of the hybrid plant was evaluated and compared to a solar PV plant with battery energy storage.
The main conclusions are summarized as:
• The thermodynamic performance of five different hybrid plant configurations were investigated.
• The configuration with the best performance and suitability involves reheating the unflashed brine at the exit of the first flash tank.
• An economic analysis of the hybrid plant was undertaken, and the LCOE was evaluated for plants with a range of thermal storage durations and solar field sizes.
• There is an optimal solar field size: Larger solar fields generate more power, but some of this power may have to be curtailed.
• The LCOE is not a suitable metric for evaluating systems with storage. Instead, the storage capital cost per unit energy discharged was used to determine the optimal storage size.
• Using a 400°C hot store with a synthetic fluid was found to be more cost-effective than using a 300°C hot store with a mineral oil, even though the synthetic fluid is more expensive and requires pressurized stores. However, the health and safety and environmental risks of the synthetic fluid need to be carefully considered.
• The LCOE of a hybrid plant with a solar multiple of 2 and a synthetic fluid storage duration of 3 hours is 0.081 ± 0.011 $/kWh, while the LCOE of a comparably sized PV field with 3 hours of Li-ion battery storage is 0.112 ± 0.024 $/kWh. • Storage allows a power plant to dispatch power flexibly and provide value to the grid in several ways. If energy dispatched from the stores is valued at around 1.75 times the typical electricity price of 0.09 $/kWhe then the hybrid plant including four hours of storage has an internal rate of return of 10%.
Appendix A The first-law efficiency is 
